Cross sections for the γp → K + Λ have been measured at backward angles using linearly polarized photons in the range 1.50 to 2.37 GeV. In addition, the beam asymmetry for this reaction has been measured for the first time at backward angles. The Λ was detected at forward angles in the LEPS spectrometer via its decay to pπ − and the K + was inferred using the technique of missing mass. These measurements, corresponding to kaons at far backward angles in the center-of-mass frame, complement similar CLAS data at other angles. Comparison with theoretical models shows that the reactions in these kinematics provide further opportunities to investigate the reaction mechanisms of hadron dynamics.
Measurements of the photoproduction of the K + Λ final state with high statistics have become possible in the past decade due to high-flux photon beams in the GeV range. Recently, the CLAS collaboration published a compendium of data for this reaction over a wide range of angles and photon energies [1] . One motivation for more complete K + Λ data is to study the details of N * resonances that were predicted to couple weakly to pion decay and more strongly to kaon decay. Some N * resonances that were predicted in quark models [2] , but were not seen in partial wave analysis of pion scattering data, might be seen in kaon production. The CLAS data do not show definitive evidence for new N * resonances, but do exhibit a few broad energy-dependent structures in the differential cross sections, suggesting that there is a more complicated mechanism contributing to the γp → KΛ reaction. The present results extend the existing data for K + Λ photoproduction to far-backward kaon angles.
Theoretical progress for K + Λ photoproduction has been published recently [3] showing that coupled channel effects can no longer be ignored. This approach, the dynamical coupled-channels (DCC) formalism, includes a proper treatment of off-shell effects. The most important multistep transition, γN → πN → KΛ, has a comparable cross section to direct production, γN → KΛ [4] . In this case, the DCC formalism is necessary for a correct interpretation of K + Λ photoproduction data.
The CLAS detector acceptance does not allow measurements at either very forward or very backward kaon angles. Recently, the LEPS collaboration published cross sections for forward angles [5] , showing good agreement with the CLAS data where the two data sets overlap. Here, cross sections for backward angles of this reaction are measured using a different experimental technique, where the Λ is reconstructed from its decay products which are detected in the LEPS spectrometer. The final state kaon, which goes backward in the center-of-mass frame, is measured through the missing mass technique.
In the kinematics that LEPS can access, we can study certain reaction dynamics selectively. For instance, in meson production at forward angles, t-channel diagrams dominate, and the nature of the exchange particle can be studied (see Ref. [6] for an example in φ photoproduction). In contrast, the far backward angles in meson photoproduction are associated with u-channel diagrams. In this paper, we will examine whether the data exhibit any u-channel signature in the cross sections.
At low energies, the u-channel amplitude is expected to be dominated by diagrams where a hyperon, such as a ground state Λ or Σ 0 , is exchanged. These diagrams are shown in Fig. 1 . The coupling constants for the hadronic verticies in Fig. 1 are inferred from the t-channel in kaon photoproduction data, which are determined either by theoretical models (e.g. SU(3) symmetry) or by an independent fit in analyses such as the DCC formalism for πN → KY reactions. The exchange baryon is neutral, and so the electromagnetic vertex is dominated by the M1 multipole which acts to flip the spin of the Λ or Σ 0 . The magnetic moments of the Λ and Σ hyperons are known, so this vertex has little ambiguity. There is not much freedom in calculations of the diagram shown in Fig. 1 .
Of course, we expect that there are further dynamical processes which may contribute to the reaction at this kinematical region. In the low energy regime, for instance, coupled channel effects and nucleon resonances may be important as emphasized in Ref. [3] . The Regge model has also been used in the study of reactions in this energy region as well as with higher energy photons [7, 8] . In this description, one can study the nature of baryon trajectories exchanged in the u-channel. The purpose of this paper is to provide the cross sections and spin asymmetries at far backward angles and discuss reaction mechanisms which may be relevant to u-channel dynamics.
Direct detection of the Λ provides additional information. At LEPS, the incident photon is highly polarized, and so the reaction plane of the K + Λ can be compared with the plane of the photon polarization, giving new information on the reaction mechanism. The beam asymmetry for kaon photoproduction has been measured at forward angles by LEPS [9] , and is measured here in uchannel kinematics for the first time.
The experimental data were taken using the LEPS (laser electron photons at SPring-8) detector in Japan [10] . Ultraviolet light from an Ar laser was linearly polarized and directed onto the 8 GeV stored electron beam. Backward Compton scattering produced a narrow beam of photons up to 2.4 GeV. The struck electron was detected in a tagging spectrometer, giving the energy of individual photons in the range 1.5-2.4 GeV. The linear polarization of the photons is calculated for Compton scattering and was typically 97% at the maximum energy. The photon beam was incident on a 16 cm long liquid hydrogen target. Details of the geometry are given elsewhere [5] . The LEPS spectrometer consists of a wide-gap dipole magnet, with charged-particle tracking detectors both before and after the magnet. An array of scintillator bars were placed 4 meters downstream of the target, and along with a start counter (SC) scintillator 5 cm downstream of the target, provided a time-of-flight (TOF) measurement. The trigger was a coincidence between the tagger, the SC, and the TOF wall. Electron-positron pairs were vetoed by an aerogel cerenkov detector just after the SC.
The total number of photons on target was 1.18×10 12 , after correcting for the transmission factor (for material between the beam production point and the target) and tagger inefficiencies.
Using momentum and TOF, the mass of each detected particle was measured, giving particle identification (PID). Events with a proton and a π − , each having a measured mass within 3σ (where σ is the momentum dependent mass resolution) of its known mass were kept for further analysis. The point of closest approach between these two tracks was calculated, and this vertex position was required to be within the target or downstream of the target. Because of the long lifetime of the Λ, the vertex position can be downstream of the target. A cut on vertex position before the SC was required in the analysis. Empty target runs showed that the contribution of the target windows and the SC was less than about 4%. Monte Carlo simulations showed good agreement with the distribution of vertex position for events with Λ → pπ − decay in the experiment.
In addition to mass cuts, several additional requirements are used to ensure good PID. For example, when the track is extrapolated to the TOF wall, the position obtained from timing measurements on either end of the hit TOF bar must be within 8 cm of the expected position. The same PID requirements as described in Ref. [5] are used in the present analysis. Fig. 2 shows the invariant mass of the pπ − pair for: (a) all events with good PID and the above vertex cut and (b) for those events where the missing mass is consistent with the kaon mass. The smooth background in Fig. 2a likely comes from reactions like γp → pπ + π − where the π + is not detected. The spectrum in Fig. 2b has much less background because the missing particle is now required to have the mass of a K + . The technique of sideband subtraction can be used to remove the remaining background. Let the Λ region be given by a cut on the mass from 1.110 to 1.120 GeV/c 2 (shown by the vertical lines in Fig. 2) . The left and right sideband regions on either side of the peak (of equal width) were analyzed in the same way as the Λ region and subtracted from the final results. The missing mass for the reaction γp → ΛX is shown in Fig. 3 for six equal bins in the photon energy. The photon energy bins are 150 MeV wide, in six equal steps from 1.5 to 2.4 GeV. The number of photons in each energy bin was measured by the tagger, corrected for the inefficiencies of each tagger element. The plots in Fig. 3 are shown in order of increasing energy bin, from lowest (top left) to highest (lower right).
The data in Fig. 3 span the range 0.9 < cos θ CM < 1.0 where θ CM is the center-of-mass (CM) polar angle of the Λ momentum vector. These spectra have not yet been sideband subtracted, which mostly removes counts below a mass of 0.4 GeV/c 2 . A clear peak is seen in the missing mass spectra at the value of the known K + mass. The strength at higher mass corresponds to a combination of KΣ (followed by Σ → Λγ), K * Λ and KY * photoproduction.
The K + peak appears to decrease rapidly with increasing photon energy. These spectra are not corrected for the the acceptance for Λ detection in the LEPS spectrometer, which is weakly dependent on photon energy. Data in a second angular bin, 0.8 < cos θ CM < 0.9, are of similar quality and statistics.
The LEPS acceptance was calculated based on Monte Carlo simulations for K + Λ production uniformly distributed in energy and center-of-mass angle. More realistic distributions are possible, and studies with a phenomenological energy-dependent event generator showed that the systematic uncertainty of the acceptance is on the order of 4% or less. The simulations were carried out using the GEANT software [11] with input for the detector geometry and resolutions. A realistic Compton scattered photon beam distribution was used. The simulated peak widths for the invariant mass (Λ) and missing mass (K + ) are in good agreement with those shown in Figs. 2 and 3 .
In addition to the K + Λ final state, the three reactions at higher missing mass mentioned above (KΣ, K * Λ, KY * ) were simulated along with a general 3-body phase space for the KπΛ final state. Missing mass spectra from all of the simulations were used as input to a template fit of the experimental data, where each template spectrum was multiplied by an overall factor to minimize the reduced χ 2 , which was typically in the range of 1-2. The number of counts in the K + peak was extracted from the template fits. The K + fit is affected primarily by background from the K + Σ 0 reaction, which was constrained largely by the events at masses about 0.1 GeV/c 2 higher than the K + peak. Simulations show that the other reactions, including 3-body phase space, have significant strength only at higher missing mass than for KΣ.
The systematic uncertainty of the fitting procedure was estimated by doing fits with gaussians for the background of KΣ production and of the 3-body final states at higher missing mass. Comparison of the Gaussian and template fit results gives a mean systematic uncertainty of 5%. Other systematic uncertaintes due to target thickness, photon flux, and event selection cuts added in quadrature contributes 4%. The overall systematic uncertainty, including that of the Monte Carlo simulations, is 7.5%.
For three photon energy ranges, see Fig. 4 , the cross section was binned for several values of u = (p γ − p Λ ) 2 . The maximum value, u max occurs when the Λ goes forward at 0
• from the photon direction. The cross sections in Fig. 4 are shown as a function of u − u max . Theoretical calculations [12] for the u-channel only, shown by the solid line, are far below the data and suggest that the diagram of Fig. 1 is not dominant. These calculations include exchange baryons of Λ, Σ 0 , and Σ(1385) along with a form factor with a cut-off mass of about 0.9 GeV (the theoretical values increase for higher cut-off mass). It appears that s-channel diagrams still contribute strongly to the cross section even at these far backward kaon angles, at least at the lower photon energies.
At photon energies above 4.3 GeV, K + Λ data clearly show a rise for u between −0.2 to −0.7 (GeV/c) 2 [13] , but the present data do not exhibit this u-channel signature. The fact that the cross sections are nearly constant as a function of u − u max can be interpreted as additional evidence for the lack of dominance by the u-channel diagram of Fig. 1 for backward-angle K + Λ data at photon energies below about 3 GeV. Differential cross sections as a function of six photon energy bins, for each of two Λ angle bins (see above), are plotted in Fig. 5 . Here, the cross sections are presented in the same format as for the CLAS data [1] . The angledependent acceptance ranged from about 2-3% in the lowest energy bin up to 6-8% at the highest energy bin.
Since the u-channel diagram alone can not explain the present data, theoretical curves from Ref. [3] are shown in Fig. 5 , converted to the present units. The solid curve is for the full dynamical coupled-channels (DCC) model, whereas the dashed curves do not include DCC effects (see Fig. 14 of Ref. [3] ). The present data are closer to the full DCC calculation, except for one point at the lowest photon energy (E γ = 1.575) and most backward kaon angle. The top plot, for cos θ CM = 0.85 agrees within error bars with the CLAS data, which is conveniently tabulated in Ref. [1] (but not shown in Fig. 5a ). The lower plot, for cos θ CM = 0.95, goes beyond the angular region covered by CLAS. In general the data follows the energy and angle dependence predicted by the DCC model, but are still significantly different in the range of Eγ = 2.0-2.2 GeV.
Alternatively, we have performed a simple estimation using the Regge model, where we fit the energy dependence by an exponential function,
where α(0) is the intercept for the hyperon trajectory exchanged in the u-channel. By choosing α(0) = −0.84, the energy dependence can be fit and extrapolated to the previous data at 4.3 GeV [13] . This value of α(0) is not too far from the value −0.68 extrapolated from the mass dependence of the Λ * resonances [7] . Fig. 6 shows the beam asymmetry, which was measured by binning the K + Λ data as a function of φ, which is defined as the azimuthal angle of the Λ as measured from the linear polarization plane of the photon beam. In order to gain sufficient statistics for the φ-fit, only two bins in photon energy were used, one from 1.5-2.0 GeV, and a second one from 2.0-2.4 GeV. We follow the same procedure to extract the beam asymmetry as described previously [9] . The results are a positive beam asymmetry, Σ KΛ , in the first energy bin, and a slightly negative polarzation at higher photon energy. The positive asymmetry means that more K + Λ reactions are produced perpendicular to the linear polarization direction (i.e., parallel to the magnetic field of the photon) than parallel to the beam polarization. Physically, when the magnetic interaction dominates, the asymmetry becomes positive, while if the electric interaction dominates, it becomes negative.
The DCC model calculations predict a slightly negative polarization over most of the photon energy range in Fig. 6 . These results will constrain the backward angle predictions of theoretical models, which were largely unconstrained until now. In contrast to Ref. [9] , where the beam asymmetry increases with increasing photon energy, here we see that Σ KΛ decreases with photon energy. As shown in Fig. 11 of Ref. [3] , where calculations are done without the inclusion of various N * resonances, the backward angle beam asymmetry is strongly affected by the inclusion of a third D 13 resonance (at 1954 MeV). The data in Fig. 6 at lower photon energies agree better with calculations that do not include this third D 13 resonance. However, conclusive results can only be obtained by including the new data in overall fits to all KΛ photoproduction data.
In summary, measurements of forward-angle Λ production have been carried out at the LEPS spectrometer at SPring-8. These data correspond to backward-angle kaons in the CM frame. The data are in good agreement with CLAS data [1] where the angular ranges overlap, and go beyond the CLAS angles to far backward angles.
The cross sections agree with the general trend of the calculations in the DCC model [3] but are significantly higher around E γ = 2.1 GeV. The Regge model can explain the energy dependence of the present data, and even extrapolated to previous data at 4.3 GeV, whereas the effective Lagrangian models cannot reproduce the data over this range of photon energies. The beam asymmetries show a positive sign at photon energies below 2.0 GeV, in contrast with theoretical predictions of the DCC model.
Meson photoproduction at backward angles (and to some extent forward angles as well) has not been explored much so far. Therefore, the present data are useful to constrain various models of strangeness production. In the present paper, we have shown that coupled channels effects are important and that some resonance nature, with mass around 2 GeV, may be studied in the DCC model [3] . In particular, the D 13 in the schannel was shown to affect the cross sections. The Regge model can also provide information of hyperon trajectories which has not been fully studied for the u-channel. Further experiments on kaon photoproduction and other mesons at backward angles will stimulate further theoretical progress.
